Translation of the genetic code requires the accurate selection of elongation factor (EF)-TuGTPtRNA ternary complexes at the ribosomal acceptor site, or A site. Several independent lines of evidence have implicated the universally conserved 530 loop of 16S rRNA in this process; yet its precise role has not been identified. Using an allele-specific chemical probing strategy, we have examined the functional defect caused by a dominant lethal G --A substitution at position 530. We find that mutant ribosomes are impaired in EF-Tu-dependent binding of aminoacyl-tRNA in vitro; in contrast, nonenzymatic binding of tRNA to the A and P sites is unaffected, indicating that the defect involves an EF-Tu-related function rather than tRNA-ribosome interactions per se. In vivo, the mutant ribosomes are found in polysomes at low levels and contain reduced amounts of A-site-bound tRNA, but normal levels of P-site tRNA, in agreement with the in vitro results; thus the dominant lethal phenotype of mutations at G530 can be explained by impaired interaction of mutant ribosomes with ternary complex. These results provide evidence for a newly defined function of 16S rRNA-namely, modulation of EF-Tu activity during translation.
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One of the most important clues to the functional importance of rRNA is its high phylogenetic sequence conservation. Now that a great many rRNA primary structures are available, spanning the phylogenetic spectrum, it is apparent that the nucleotide sequences of certain regions of these RNAs are essentially invariant in all organisms. This degree of conservation is most likely indicative of an indispensable functional role for these sequences in protein synthesis (1) . Not even the well-known Shine-Dalgarno sequence (2) shares this degree of conservation, arguing that these universally conserved RNA elements must be involved in function at the most fundamental levels.
Our knowledge of the roles of the most prominently conserved regions of rRNA supports this view (3) . The sequences around positions 1400 and 1500 of the 16S-like rRNAs are the site of codon-anticodon interaction (4) (5) (6) . In the 23S-like rRNAs, the central loop of domain V interacts with the other extremity of tRNA-the aminoacyl end-and is strongly implicated in the peptidyl transferase function (7) (8) (9) . A highly conserved, 15-nucleotide hairpin loop (the "a-sarcin loop") in domain VI of 23S rRNA has been identified with elongation factor (EF)-Tu-and EF-G-dependent functions (10, 11) . Its structural counterpart in 16S rRNA is the similarly conserved 16-nucleotide loop in the 530 region of 16S rRNA, whose functional role has proven more elusive.
A growing body of evidence indicates that the 530 stemloop region plays an important role in tRNA selection in the ribosomal A site (reviewed in ref. 3 ); yet direct proof of this has been lacking. Its involvement in A-site function is suggested by the protection from chemical attack of residues in the 530 loop by tRNA (12, 13) , by streptomycin resistance (14) (15) (16) (17) , nonsense-suppressor (18, 19) , and frame-shiftenhancing (19) mutations in this region, as well as by enhancement of the reactivity of base C525 to dimethyl sulfate (DMS) in the presence of the neomycin-class miscoding antibiotics (20) . Furthermore, stepwise in vitro 30S subunit reconstitution experiments demonstrate that the mature conformation of the 530 loop depends upon interactions with ribosomal proteins S4 and S12 (21) , whose involvement in the maintenance of translational accuracy is well established (reviewed in ref. 22) . We have shown recently that a G -* A substitution at position 530 (G530A) in 16S rRNA confers a dominant lethal phenotype when expressed in Escherichia coli, due to a defect at some step following translational initiation, consistent with perturbation of A-site function (23) . Detailed structure probing of mutant ribosomes revealed no evidence for perturbation of 16S rRNA structure or loss of interactions with ribosomal proteins, consistent with the idea that this mutation affects ribosomal function directly.
In this study, we characterize in detail the defect in the G530A ribosomes, using an allele-specific chemical probing strategy that allows the specific analysis of mutant ribosomes in vitro, despite the fact that the majority of ribosomes isolated from cells contain wild-type 16S rRNA. This approach also allows us to probe the mutant ribosomes in polysomes isolated from cells following induction of the lethal gene. We find that the mutant ribosomes are specifically impaired in enzymatic binding of aminoacyl-tRNA to the ribosomal A site, in vitro. We also find that the mutant ribosomes have little A-site-bound tRNA in polysomes, but normal amounts of P-site-bound tRNA, which accounts for the dominant lethal phenotype of the A530 mutation. These results conclusively demonstrate a role for the 530 loop in A-site tRNA selection and, moreover, suggest that this structural feature of 16S rRNA is involved in modulating EF-Tu-ribosome interactions.
MATERIALS AND METHODS
Bacterial Strains and Plasmid Constructs. All bacterial strains, phage, plasmids, and media have been described (17, 23, 24) (pL-G530A is referred to as pLK45/A530 in ref. 22 ).
The construction of the allele-specific priming sites III and V has been described (17, 25) . When E. coli strain DH1 was transformed with pLK45, or its mutant derivatives, cells were simultaneously transformed with the compatible plasmid pcI857 (26) ; transformants were selected for on LB agar plates containing ampicillin (25 an A650 of 0.1. Cultures were then shifted to 420C and grown for an additional 60 min (final A650 was =0.35). Cells were placed on ice for 20 min and then pelleted, and tight-couple 70S ribosomes were prepared as described (17) .
Nonenzymatic Binding oftRNAs to the P and A Sites. Binding oftRNAs to ribosomes was performed essentially as described (12, 13, 27) . For P-site binding, 10 pmol of 70S ribosomes (calculated according to 23 pmol per A260 unit) and 0.12 A260 unit of poly(U) were incubated in 30 A.l of 80 mM potassium cacodylate (pH 7.2), 6 mM MgCl2, 100 mM NH4Cl, and 1.5 mM dithiothreitol for 5 min at 370C. Ten picomoles of N-acetyl-Phe-tRNAPhe (prepared as described in ref. 27 ) in 10 Al of the same buffer was added to the ribosome/poly(U) mixture and incubated for an additional 20 min at 37°C. Similar conditions were used for A-site binding, except that 20 pmol of tRNAPhe was used for binding to poly(U)-programed ribosomes and the binding buffer contained 20 mM MgCl2.
Binding of Ternary Complex and Translocation. Ternary complex was bound to ribosomes exactly as described (27) . pmol of EF-Tu, 0.2 mM GTP, and 0.6 ,uM EF-Ts in 40 ,ul of 80 mM potassium cacodylate (pH 7.2), 6 mM MgCl2, 100 mM NH4CI, 1.5 mM dithiothreitol. EF-G and GTP were added, for translocation experiments, at final concentrations of 0.8 ,uM and 0.1 mM, respectively (13) .
Allele-Specific Probing. rRNA was modified and extracted and primer extension reactions were performed as described (28) , except that hybridization, extension, and chase reactions were performed at 50°C when using the priming site V-specific oligonucleotide. The priming site III-specific primer has been described (17) . The priming site V-specific primer is an oligonucleotide 17-mer with the sequence 5'-
TGA-TCC-AAC-CGC-ACC-TTC-CGG-3' (25).
A-site tRNA-ribosome interactions per se are unaffected by the G530A mutation ( Fig. 2 C and D) .
Next, interaction of these ribosomes with an EF-Tu-GTP.Phe-tRNAPhe ternary complex was tested, in a poly(U)-programed reaction in which the P site was first filled with N-acetyl-Phe-tRNAPhe. Addition of ternary complex to wildtype ribosomes resulted in strong protection (>75%) of bases A1492 and A1493 from DMS modification (Fig. 3A, lane 4) . In contrast, protection of these bases by ternary complex in G530A ribosomes was reduced significantly compared to wild type (Fig. 3B, lane 4) . As an internal control, a primer complementary to the corresponding wild-type sequence at priming site V was used to examine the reactivity of A1492 and A1493 in ribosomes containing chromosomally derived
Pr'mi-g Site Pr rir S,.P RESULTS Probing Strategy. To identify precisely the functional lesion in G530A mutant ribosomes, our approach was to test individual steps of translation, in vitro. However, as the mutant 16S rRNA gene can only be expressed conditionally, using the A PL promoter, isolated ribosomes necessarily contain a mixed population of mutant and wild-type 16S rRNA, where the G530A mutation is present at a level of <40%o (23) . Thus, using conventional in vitro assays, the behavior of mutant ribosomes would be masked by this wild-type background. To circumvent this problem, we have now used a method that permits selective chemical probing of plasmid-derived rRNA within a mixed population of ribosomes, using characteristic A-and P-site footprints (12, 13) as assays for tRNA binding. Our probing strategy is outlined in Fig. 1 . Two allele-specific priming sites were constructed by introducing silent mutations into helices in the 16S rRNA gene. Priming site III is located within the 3' domain of 16S rRNA and allows probing of the P-site tRNA protected base G926 (Fig. 1B) . Priming site V is located in the 3' terminal helix of 16S rRNA and allows probing of A-site tRNA protected bases A1492 and A1493 (Fig. 1C) .
In Vitro Studies. Ribosomes were isolated from cells containing either wild-type control plasmids or G530A mutant plasmids, following induction of the 16S rRNA genes. We first tested the interaction of mutant ribosomes with the peptidyl tRNA analog N-acetyl-Phe-tRNAPhe; here, protection of G926 from kethoxal attack was identical for wild type and mutant, indicating that P-site binding is unaffected by the G530A mutation (Fig. 2 A and B Biochemistry: Powers and Noller 1366 Biochemistry: Powers and Noller 16S rRNA from the same experiment. Here, wild-type levels of protection were observed for ribosome preparations containing wild-type and mutant 16S rRNA, demonstrating that the defect in A-site interaction in the mutant was due specifically to the presence of the G530A mutation in these ribosomes ( Fig. 3 C and D, lanes 4) . One ofthe criteria used to assign residues A1492 and A1493 to the ribosomal A site was that their protection from DMS by tRNA was reversed following reaction with EF-G and GTP (13) . We could therefore use this characteristic behavior of these bases as an assay for translocation. In wild-type ribosomes, the strong protection ofA1492 and A1493, caused by the binding of ternary complex, was reversed after the addition of EF-G and GTP (Fig. 4A) . Similarly, the weak A-site footprint afforded by ternary complex in G530A ribosomes was also reversed upon the addition of EF-G and GTP (Fig. 4B) . As a control, we determined that for wild-type and mutant ribosomes, protection of G926 by P-site tRNA was unaffected by the addition of EF-G and GTP, in agreement with previous observations (ref. 13 ; data not shown). We infer from these results that the G530A mutant ribosomes are not impaired in translocation; however, using this assay, we cannot exclude the less likely possibility that the A-site bound tRNA was released from the mutant ribosomes by EF-G and GTP rather than translocated to the P site.
G530A mutant 16S rRNA is present typically at a level of <40% in the 70S ribosome population, after induction of the mutant gene, compared to -50% for wild-type plasmid 16S rRNA (23) . One possible explanation for this difference is that the mutant ribosomes could be partially deficient in subunit association. This was of concern because, if true, then a trivial explanation for impaired A-site interactions would be that the mutation impairs subunit association, which might be revealed only at the low, physiological Mg2e concentrations used in the enzymatic binding assays. To test this possibility, we monitored the level of mutant 16S rRNA in 70S ribosomes isolated from sucrose gradients at various concentrations of Mg2+ (5-25 mM), using the primer extension method of Morgan and coworkers (29) . No differences in the proportion of mutant, relative to wild-type, 16S rRNA in 70S ribosomes were observed at any of the Mg2+ concentrations tested, indicating that the G530A mutation does not in fact perturb subunit association (data not shown).
Probing P-and A-Site Occupancy in Polysomes. To determine whether the G530A mutation also affects A-site occupancy in vivo, we used allele-specific priming to probe the A and P sites in polysomes isolated from cells containing mutant ribosomes. Previously, we showed that the G530A D s 2 3 4 Proc. Natl. Acad. Sci. USA 90 (1993) mutation causes reduced levels ofpolysomes and that mutant ribosomes are underrepresented in these polysomes (23); such low levels of polysomes can also be seen in Fig. 5A when the G530A mutation is expressed. In agreement with the in vitro results, no significant difference in P-site occupancy was found between wild-type and mutant ribosomes in the polysome fractions, as measured by protection of G926 (Fig.  SB) . In contrast, a marked decrease in A-site occupancy can be seen for G530A mutant ribosomes in the disome, trisome, and tetrasome peaks, normalized to the monosome protection levels (this probably represents an underestimate of the decrease in binding, since the 70S peak is also likely to contain a significant fraction of monosomes with vacant A sites). These results are in agreement with the in vitro results and affirm a specific defect in A-site function for G530A mutant ribosomes.
DISCUSSION
We conclude from these results that the lethal phenotype of the G530A mutation in 16S rRNA is due to specific impairment of EF-Tu-dependent binding of aminoacyl-tRNA. This conclusion is supported by the reduced A-site occupancy observed for the mutant ribosomes in vivo. In contrast, P-site binding, subunit association, and translocation appear to be unaffected. Reactivities of G926 to kethoxal (P site) and A1492 plus A1493 to DMS (A site) in polysomes, normalized to their reactivities in 70S monosomes (given as 1.0). Polysomes were prepared from cells transformed either with pLK45/III or pL-G530A/III (for P site probing) or with pLK45/V or pL-G530A/V (for A site probing) as described (23) . Fractions corresponding to 70S monosome and 2X-4X polysome peaks were collected and modified with either kethoxal (P site) or DMS (A site), and rRNA was extracted and sites of modification were determined by primer extension (ref. 28 and Materials and Methods). complex would impede the progress of wild-type ribosomes sharing the same mRNA. Residues G530 and U531 are protected from chemical attack when tRNA, orjust its anticodon stem-loop, is bound to the ribosomal A site (12, 13) . Based upon presently available structural evidence, however, the 530 loop is thought to be too remote from the decoding site for these protections to be the result of direct contact with tRNA (30) (31) (32) (33) (34) (35) . Recently, Brimacombe and co-workers (36) have argued for a close proximity between the decoding site and the 530 loop, based on crosslinking of a synthetic mRNA fragment to the 530 loop. However, their conclusions contradict direct measurements by neutron diffraction as well as extensive indirect biochemical evidence (discussed in refs. [30] [31] [32] [33] [34] [35] . Furthermore, the possibility that protection of bases in the 530 loop is due to interaction with mRNA, rather than tRNA, is ruled out by experiments in which A532 is protected from DMS attack by mRNA-independent P-site binding of tRNA (12) . Finally, the results presented here, showing that nonenzymatic binding of tRNA to the A site is not perturbed by the G530A mutation, are consistent with the view that involvement of this base in A-site function is allosteric in nature.
In view of its apparent remoteness from the decoding site, how might the 530 loop function? The primary site of interaction for EF-Tu on the ribosome is believed to be the large ribosomal subunit, involving the universally-conserved a-sarcin loop in the 2660 region of 23S rRNA, the site of action of the cytotoxins ricin and a-sarcin, which abolish factor-dependent ribosomal functions (10, 11) . A growing body of evidence suggests, however, that the small ribosomal subunit also interacts with EF-Tu or affects the way that it interacts with the ribosome. EF-Tu has been localized by immunoelectron microscopy to a region of the 30S subunit proximal to proteins S4, S5, and S12 (37, 38) mutations in which can affect the translational error frequency (22) ; these proteins are located near the 530 stem-loop region (32, 33, 39) . Recently, a G --C mutation at position 2661 in the a-sarcin loop has been shown to impair translational elongation, but, surprisingly, only in combination with restrictive streptomycin-resistance mutations in protein S12 (40) . The functional impairment of this double mutant is suppressed by a third mutation, in EF-Tu itself (41) . Furthermore, it has been observed that the normally recessive kirromycin resistance caused by mutations in EF-Tu becomes dominant in certain restrictive S12 mutant backgrounds (42) . These results all point to the influence of S12 on the action of EF-Tu. The findings that S12 is involved in folding the 530 stem-oop region into a pseudoknot-like structure (21) and that mutations in the RNA that perturb this structure confer streptomycin resistance (17) provide a connection between protein S12 and the conformation of the 530 loop, raising the possibility that the 530 loop itself modulates the interaction of EF-Tu with the ribosome, ultimately affecting the speed and/or accuracy of tRNA selection. The properties of the G530A mutant, described here, support involvement of the 530 loop in EF-Tu function. The precise mechanism by which the 530 loop functions, whether its mode of interaction with EF-Tu is direct or indirect, and whether it is involved during the initial selection of ternary complex or during a "proofreading" step (22, 43) (or both), remains to be characterized.
